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ABSTRACT

Poleward meridional moisture transport across the Southern Ocean during 1988 is investigated by applying
conservation of mass to the wind derivation approach of Slonaker and Van Woert. The moisture field is from
the Television and Infrared Observational Satellite (TIROS) Operational Vertical Sounder (TOVS) Pathfinder A
dataset. The wind field is first derived from a combination of the TOVS temperature profiles and a satellite-
based surface wind field using the thermal wind relationship. Then a Lagrange multiplier is introduced in a
variational procedure to constrain the wind to conserve mass.

The introduction of the conservation of mass reduces the estimates of the moisture flux and net precipitation
dramatically in comparison with the nonmass-conserved method in Slonaker and Van Woert. For instance, the
estimates of the zonally averaged, vertically integrated moisture flux across 508S are reduced by 56% and the
net precipitation between the 508S and 608S latitude belt are reduced by 63%. The reason for the difference is
that the nonmass-conserved approach leads to unrealistically strong annual-mean winds in the lower troposphere,
which results in an exaggerated mean moisture transport. In contrast, the mass-conserved annual-mean wind
compares favorably with the radiosonde observations at Macquarie Island and European Centre for Medium-
Range Weather Forecasts and National Centers for Environmental Prediction–National Center for Atmospheric
Research reanalyses, and it yields a mean moisture flux consistent with historical estimates.

In contrast, the satellite-derived eddy moisture flux is underestimated by about 45% when compared with the
radiosonde and analysis studies. This underestimation is probably due to the lower spatial and temporal resolutions
of the satellite observations and lack of certain types of ageostrophic winds in the wind derivation.

1. Introduction

Precipitation over Antarctica is recognized as an im-
portant climatic variable. It plays a major role in the
mass budget of the Antarctic ice sheets balancing mass
wastage by iceberg calving and melting. The Antarctic
ice sheets are probably in a state of constant imbalance
because the timescales for precipitation and ice-sheet
wastage are different—precipitation is an atmospheric
process and may vary rapidly over time, while the ice-
sheet response is controlled by the ocean circulation
(Jacobs et al. 1992), which varies over much longer
timescales. The imbalance of mass may have a signif-
icant impact upon the global sea level change because
net fresh water can be either extracted from or released
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into the global ocean. Whether the imbalance can de-
velop into ice cap instability is a subject of many studies
(e.g., Huang and Bowman 1992). Viewed as an isolated
process, Antarctic precipitation extracts fresh water
from the global ocean. The current best estimate of the
annual precipitation rate of Antarctica is about 157 mm
yr21 (Bromwich et al. 1995), equivalent to an approx-
imately 7 mm yr21 decrease in sea level. Any changes
in the precipitation rate could have important implica-
tions with respect to global sea level rise, which is cur-
rently estimated to be 1–3 mm yr21 (Douglas 1991).

Precipitation observations over Antarctica are ex-
tremely difficult to make due to the lack of radiosonde
stations, large errors caused by small rainfall amounts,
and drifting snow (Bromwich 1988). Because of the
observational difficulties, many studies have concen-
trated on indirect calculations of the net precipitation
using radiosonde observations (raob) or model outputs
as inputs into the water vapor budget equation. Peixóto
and Oort (1983) used a 10-yr period (1963–73) of raob
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data to determine the zonal and meridional moisture
transport. Bromwich et al. (1995) and Cullather et al.
(1996, 1998) performed comprehensive studies of the
net precipitation and its long-term change in Antarctica
using model analyses. Broad disagreement between the
various analyses was observed. For instance, Bromwich
et al. (1995) show that the Antarctic annual-mean net
precipitation calculated by the European Center for Me-
dium-Range Weather Forecasts (ECMWF), the National
Meteorological Center (NMC), and the Australian Bu-
reau of Meteorology (ABM) model analyses ranged
from 93 to 190 mm yr21 for 1992. Some of the net
precipitation change in Antarctica has been related to
the El Niño–Southern Oscillation (ENSO) phenomenon
(Cullather et al. 1996). However, the interannual vari-
ability of the net precipitation is also strongly model/
analysis dependent. Cullather et al. (1996) show close
relationship between ENSO and the ECMWF opera-
tional product analyses, while Genthon and Krinner
(1998) found no convincing correlation between ENSO
and the ECMWF reanalysis data. It is a matter of on-
going debate as to the relative merits of using analysis
and reanalysis products in Antarctic precipitation stud-
ies (Bromwich et al. 2000).

An alternate method is to use satellite observations to
study the Antarctic precipitation. Television and Infrared
Observational Satellite (TIROS) Operational Vertical
Sounder (TOVS) satellite data provide a continuous re-
cord of the temperature and specific humidity profiles
with nearly total coverage over the Southern Ocean. The
moisture flux calculation requires wind profiles, which
are not directly measured by the instrument. However,
wind profiles can be inferred from the TOVS data under
the assumption that the winds are in geostrophic balance
by integrating the hydrostatic equation using the observed
temperature profiles. Peterson and Horn (1977) and Moy-
er et al. (1978) derived geostrophic wind estimates from
Nimbus-6 temperature profiles. Carle and Scoggins
(1981) provided a detailed comparison of the satellite-
derived wind field from Nimbus-6 soundings with ra-
diosonde observations. They found that the satellite-de-
rived geostrophic wind agrees, on the average, with the
radiosonde observations to within 5 m s21 for the limited
time periods examined. In this method, however, the sur-
face wind is usually derived from an ancillary boundary
layer model (Carle and Scoggins 1981). In addition, this
method requires an estimate of the surface pressure field.
Unfortunately, satellites are not capable of measuring sur-
face pressure with sufficient accuracy to be useful in such
studies. Therefore, over the ocean where no in situ sur-
face pressure observations exist, Francis (1994) resorted
to the use of numerical weather analyses for an estimate
of the surface pressure field.

Another method for deriving the geostrophic wind is
to use a tie-on wind (observed known wind) at a specific
level in association with the thermal wind equation (Ar-
nold et al. 1976). Recently released, satellite-based sur-
face wind data, produced by Atlas et al. (1993) using

a variational analysis method (VAM), provide the first
opportunity to use this method to produce a satellite-
derived moisture budget for high southern latitudes.
Slonaker and Van Woert (1999, hereinafter referred to
as SVW99) used this VAM surface wind data along
with TOVS temperature soundings to derive meridional
wind fields via the thermal wind relationship. Then, the
moisture flux and net precipitation over the Southern
Ocean were estimated from the derived wind profiles
and TOVS moisture data.

Though the SVW99 results are quite encouraging, the
thermal wind relationship alone cannot be used to esti-
mate the vertical wind profiles from the observed surface
wind field and temperature soundings because it does not
conserve mass. The reason for the failure of the system
to conserve mass is the ageostrophic component of the
surface wind field. That is, the SVW99 method is not a
balanced approximation model for the wind derivation.
A balanced model of the atmosphere requires at least an
approximate form of the horizontal momentum equations
along with the hydrostatic equation, continuity equation,
and thermal equation (Gent and McWilliams 1983; Bo-
ville 1987). In SVW99, the hydrostatic and thermal wind
equations are assumed to hold true and the thermal equa-
tion is implicitly known; because, the temperature pro-
files are measured directly by the satellite. However, the
continuity equation, which ensures conservation of mass,
was not considered by SVW99. Conservation of mass
represents a strong constraint on the wind field, especially
for the long-term averaged climate states such as the
annual-mean circulation.

In this study a variational technique is developed to
derive the mass-conserved wind field. In the variational
procedure, the meridional wind is obtained by the ther-
mal wind assumption in conjunction with the satellite-
observed atmospheric temperature profiles and surface
wind. Meanwhile, a Lagrange multiplier is introduced
to constrain the wind to conserve mass. A detailed com-
parison of the derived wind profiles against radiosonde
observations and reanalyses is also carried out. It will
be shown that after the introduction of conservation of
mass, the calculated moisture flux and net precipitation
are dramatically reduced and improved with respect to
the SVW99 estimates.

The next section describes the data used in this study.
In section 3, we describe the variational method used
to obtain a mass-conserved wind field. Section 4 com-
pares the computed wind field with reanalysis and raob
data. In section 5 the detailed characteristics of the sat-
ellite-derived moisture fluxes are described. Section 6
calculates the net precipitation from the moisture flux,
and section 7 provides a summary and discussion.

2. Data

The data used in this study are the same 1988 data
used by SVW99. The surface wind velocities are taken
from Atlas et al. (1993) who ‘‘fused’’ Special Sensor
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Microwave Imager (SSM/I) surface wind speed, in situ
observations, and ECMWF analyses using a variational
method. These surface wind vectors, referred to as VAM
winds, exhibit higher accuracy than values from the
ECMWF analysis alone when compared with indepen-
dent buoy data (Atlas et al. 1996).

The moisture and temperature data are from the
TOVS Pathfinder Path A dataset (Susskind et al. 1997).
There are two moisture datasets in the TOVS Pathfinder
A: one is the specific humidity obtained by a physical
retrieval method at mandatory levels and the other is
the layer precipitable water integrated from the specific
humidity profile. In SVW99, as well as in this study,
the layer precipitable water dataset is used. This dataset
has five layers: surface–850, 850–700, 700–500, 500–
300, and 300–100 hPa. Because the lowest precipitable
water layer is from the surface to 850 hPa, the moisture
flux obtained in this study includes the effect of the thin
moist surface layer. The layer mean virtual temperature
is defined at the same layers as the layer precipitable
water except that the lowest layer is taken from 1000
to 850 hPa. These moisture and temperature data are
provided on a 18 3 18 latitude and longitude grid and
have been interpolated by SVW99 onto a 28 latitude by
2.58 longitude grid with a 6-h interval to match the
surface wind data of Atlas et al. (1993).

3. Derivation of the mass-conserved satellite wind

The continuity equation in an atmosphere of hydro-
static balance and in spherical and isobaric coordinates
is written as (e.g., Peixóto and Oort 1992)

]u ](y cosw) ]v
1 1 5 0, (1)

a cosw]g a cosw]w ]p

where a is the earth’s radius, g is the longitude, w is
the latitude, and p is the pressure; u, y , and v are zonal,
meridional, and vertical p velocities, respectively. In
both SVW99 and this study, only the meridional ve-
locity is derived. Integrating Eq. (1) over a latitude cir-
cle, over p from the surface p 5 p0 to the top of the
atmosphere p 5 0, and over latitude from a pole to
latitude w, assuming boundary conditions v 5 0 at p
5 0 and p 5 p0, and y 5 0 at the poles, one obtains
the conservation equation of mass for the meridional
velocity,

p 2p0

ya cosw dg dp 5 0. (2)E E
0 0

This integration constraint has to be satisfied by any
derivation method of the meridional wind for long-term
climate studies. For a pure geostrophic approximation,
Eq. (2) is satisfied because the meridional geostrophic
wind is related to the longitudinal derivative of the geo-
potential height that vanishes when integrated over a
latitude circle. In SVW99 as well as this study, the ther-
mal wind approximation is used to derive the meridional

wind from the satellite temperature soundings and sur-
face wind field. The thermal wind relationship for the
meridional wind is

]y R ]Tg d y5 2 , (3)
] lnp f a cosw]g

where f is the Coriolis parameter, Rd is the dry air gas
constant, y g is the geostrophic meridional wind speed,
and Ty is the virtual temperature. At a particular level
p, SVW99 used the following formula, derived by ver-
tically integrating Eq. (3), to estimate the meridional
wind,

p0 R ]Td yỹ 5 y 1 d lnp, (4)0 E f a cosw]gp

where is the SVW99 wind and y 0 is the VAM surfaceỹ
wind (Atlas et al. 1993). Because the integration of ]Ty /
(a cosw]g) over a latitudinal circle vanishes, the inte-
gration of Eq. (4) over altitude and longitude reduces to

p 2p 2p0

ỹa cosw dg dp 5 p y a cosw dg. (5)E E 0 E 0

0 0 0

Equation (5) indicates that, because the longitudinal in-
tegration of y 0 is not zero, mass is not conserved for
the wind ỹ .

In this study a Lagrange multiplier is introduced to
constrain the total mass in a latitudinal circle. This pro-
cess is similar to that of Gruber and O’Brien (1968),
who used a Lagrange multiplier to constrain the total
mass divergence in a least squares polynomial smooth-
ing process on the radiosonde winds. Given N 1 1 levels
in the vertical direction and M 1 1 grid points in a zonal
circle and using the trapezoidal rule, the grid point forms
of Eqs. (4) and (2) at any latitude w are written as

k R ]T pd y i,n21/2 n21ỹ 5 y 1 ln ,Oi,k i,0 1 2f a cosw]g pn51 n

i 5 0, 1, . . . , M, k 5 1, 2, . . . , N (6)

and
M N21 1

(y 1 y )a coswDgDp 5 0, (7)O O i,k i,k11 k2i50 k50

where i is the index of the zonal grid point, k and n are
the indexes of the vertical level, Dpk 5 pk 2 pk11 (the
difference of pressures between the two levels k and k
1 1), y i,k is the mass-conserved meridional wind speed
at the grid point (i, k), and Dg is the longitudinal grid
interval. Using the layer mean virtual temperature pro-
files from TOVS and the VAM surface wind, and as-
suming the surface pressure to be 1000 hPa, the upper-
level nonmass-conserved wind, can be first deter-ỹ ,
mined from Eq. (6) at 850-, 700-, 500-, 300-, and 100-
hPa levels. Then the mass-conserved wind, y , can be
obtained by a variational formalism in which the dif-
ferences between y and are minimized in a leastỹ



1000 VOLUME 14J O U R N A L O F C L I M A T E

squares sense subject to the mass conservation con-
straint. The variational formalism using Eq. (7) as a
strong constraint is written as follows [e.g., Daley
(1991) and its references for the general construction of
variational functionals],

M N

2E 5 (y 2 ỹ ) a coswDgO O i,k i,k
i50 k51

M N21 1
1 l (y 1 y )a coswDgDp , (8)O O i,k i,k11 k2i50 k50

where l is an as yet undetermined Lagrange multiplier.
The Lagrange multiplier must be a function of latitude
and time. In the vertical and longitudinal directions,
however, l can either be uniform or have a functional
form prescribed based on physical or observational con-
siderations. For simplicity we assume that l is uniform
on a latitude wall. Comparisons with raob and reanalysis
data, which are presented later, suggest this is a valid
assumption.

After rearranging the vertical index, Eq. (8) becomes

M N N

2E 5 a coswDg (y 2 ỹ ) 1 2l f y , (9)O O Oi,k i,k k i,k[ ]i50 k51 k50

where

0.25Dp , k 5 00
f 5 0.25(Dp 1 Dp ), k 5 1, 2, N 2 1 (10)k k k21
0.25Dp , k 5 N. N21

The Euler–Lagrange equations derived from Eq. (9) are

]E
5 a coswDg[2(y 2 ỹ ) 1 2l f ] 5 0,i,k i,k k]y i,k

i 5 0, 1, . . . , M, k 5 1, 2, . . . , N.

(11)

From Eq. (11), the following solution for the mass-
conserved meridional wind is obtained,

y 5 ỹ 2 f l, i 5 0, 1, . . . , M,i,k i,k k

k 5 1, . . . , N. (12)

Equation (12) shows that the mass conservation cor-
rection to the nonmass-conserved wind is proportional
to the Lagrange multiplier and the coefficients f k, which
depend on the differencing schemes of the mass con-
servation equation. The f k values are not necessarily
uniform in the vertical direction. For the grid formation
in this study, f k 5 75, 87.5, 100, 100, and 50 hPa at
850, 700, 500, 300, and 100 hPa, respectively.

Introducing Eq. (12) into Eq. (7) and noticing y i,0 5
, l can be obtained asỹ i,0

M N

f ỹO O k i,k
i50 k50l 5 . (13)M N

f fO O k k
i50 k51

Equations (6), (10), (12), and (13) provide a complete
solution for the mass-conserved meridional wind given
the observed virtual temperature profiles and surface
wind. In the following section we discuss and compare
the results with radiosonde observations and the
ECMWF and the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR) reanalyses.

4. Comparisons with raob and reanalysis data

a. Comparisons with reanalysis data

Figures 1a–d show, respectively, the nonmass-con-
served and mass-conserved satellite winds, the ECMWF
reanalysis winds (ERA-15) (Gibson et al. 1996), and
the NCEP–NCAR reanalyses (Kalnay et al. 1996). The
model based ECMWF and NCEP–NCAR reanalyses ap-
proximately conserve mass. They show a low-level con-
vergence and upper-level divergence near 638S, corre-
sponding to the intersection of the Ferrel and polar cells.
In addition, the zonally averaged meridional wind at the
top of the boundary layer is weak. The mass-conserved
satellite wind reproduces the basic features of the at-
mospheric circulation, that is, a low-level convergence
and upper-level divergence (except at the top level) near
638S. In contrast, however, the nonmass-conserved sat-
ellite wind shows convergence at all levels near 638S
and very strong wind speeds above the boundary layer,
which are obviously incorrect. Note that theoretically,
the zonally averaged should be equal to zonally av-ỹ
eraged y 0 because the integration of ]Ty /(a cosw]g) over
a latitudinal circle vanishes. However, due to some miss-
ing data in the observations, the zonally averaged isỹ
not exactly equal to zonally averaged y 0.

Between 508S and 638S, the amplitude of the satellite
surface wind is intermediate to the ECMWF and NCEP–
NCAR products and the thickness of the poleward-mov-
ing boundary layer is very close to the NCEP–NCAR
data. Poleward of 638S, the amplitude of the satellite
surface wind is close to the ECMWF data, but the
boundary layer thickness in the equatorward moving
wind regime is about 100 hPa less than both ECMWF
and NCEP–NCAR data. This is most likely because the
satellite wind is an average over the ocean area while
the ECMWF and NCEP–NCAR data are averages over
the whole latitude circle, which contains both ocean and
land. The continental elevation is approximately 2 km
above sea level, which could lift the boundary layer and
thus increase the boundary layer thickness. Considering
this factor, it appears that the boundary layer thickness
of the mass-conserved satellite wind compares favor-
ably with the reanalyses, especially over the oceans.

Near 638S, the satellite-derived wind and ECMWF
and NCEP–NCAR data all show a boundary layer con-
vergence. This is consistent with the annually and zon-
ally averaged sea level pressure (SLP) as shown in Fig.
2. It is seen in Fig. 2 that there is a low-pressure center
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FIG. 1. 1988 annually and zonally averaged meridional winds for (a) satellite-derived, nonmass-conserved; (b) satellite-derived, mass-
conserved; (c) ECMWF reanalysis; (d) NCEP–NCAR reanalysis. Contour interval is 0.5 m s21.

near 638S where the convergence center is located. This
suggests that the convergence in the planetary boundary
layer is driven primarily by the pressure gradient.

b. Comparisons with raob data at Macquarie Island

Radiosonde data can be used to assess the overall
quality of the satellite-derived data products. In partic-
ular, twice-daily wind and moisture soundings are avail-
able for 1988 at Macquarie Island (54.58S, 158.98E).
SVW99 compared the satellite-derived time series of
the vertically integrated moisture flux with the radio-

sonde observations at Macquarie Island. However, they
did not provide detailed separate comparisons for the
wind and moisture. In the following, a detailed com-
parison for the wind and moisture profiles between the
radiosonde observations and satellite-derived products
at Macquarie Island is provided.

1) MERIDIONAL WIND

Table 1 lists the detailed statistics of the comparisons
between the raob and satellite-derived winds by both
nonmass-conserved and mass-conserved approaches.
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FIG. 2. Comparisons between the yearly and zonally averaged sea
level pressure and the yearly and zonally averaged surface meridional
winds for 1988.

TABLE 1. Meridional wind statistics for the raob and satellite-derived data at Macquarie Island for 1988, where ‘‘this study’’ refers to the
mass-conserved product and SVW99 to the nonmass-conserved product.

Height

1000 mb 850 mb 700 mb 500 mb 300 mb 100 mb

Points
Raob mean (m s21)
Satellite mean (this study) (m s21)
Satellite mean (SVW99) (m s21)
Raob std dev (m s21)
Satellite std dev (this study) (m s21)
Satellite std dev (SVW99) (m s21)
Correlation (raob, this study)
Correlation (raob, SVW99)
Rms (raob, this study) (m s21)
Rms (raob, SVW99) (m s21)
Bias(raob 2 sat) (this study) (m s21)
Bias (raob 2 sat) (SVW99) (m s21)

523
22.26
22.26
22.26

5.69
5.66
5.66
0.87
0.87
2.89
2.89
0.0
0.0

539
21.28
20.94
22.41

9.37
6.13
6.30
0.82
0.82
5.54
5.63

20.34
1.13

538
21.24
20.93
22.64
10.88

7.98
8.18
0.79
0.79
6.73
6.88

20.30
1.41

532
21.08
21.04
23.00
14.25
11.60
11.86

0.77
0.77
9.09
9.29

20.04
1.92

510
22.42
21.93
23.90
18.70
14.45
14.68

0.77
0.77

11.90
11.29

20.49
1.48

409
21.02
21.44
22.44

9.15
9.54
9.62
0.54
0.55
8.95
9.05
0.43
1.42

Figures 3a–c show the scatterplots between the raob and
mass-conserved satellite wind for 1000, 850, and 700
hPa, respectively. The scatterplots of the nonmass-con-
served winds against raob (not shown here) are similar
to Fig. 3 except the mean values are different. The sat-
ellite winds at Macquarie Island are obtained by inter-
polating the values at the four surrounding grid points.
Figure 3 and Table 1 show that the wind fields compare
most favorably at the surface. Near the surface, the cor-
relation between the satellite wind and radiosonde ob-
servations is 0.87 and the rms (root mean square) error
is 2.9 m s21, comparable with the accuracy estimation
of 62 m s21 for the VAM surface wind (Atlas et al.
1993). For the available data, both raob and satellite
yield an annual-mean wind speed of 22.26 m s21 near
the surface. This excellent agreement between the raob
and satellite winds is probably because Atlas et al.
(1993) have incorporated the raob data into the VAM
surface wind field.

The correlation between the raob and satellite-derived
winds decreases and the rms error increases with in-
creasing height. The rms error increases from 2.9 m s21

at the surface to about 12 m s21 at 300 hPa, which is
consistent with the analyses of Carle and Scoggins

(1981) in a comparison between the satellite-derived
wind using Nimbus-6 satellite soundings and radiosonde
observations. Table 1 also shows that the standard de-
viation of the nonmass-conserved wind is close to the
mass-conserved satellite wind. The standard deviation
of both the raob and satellite-derived winds increases
with increasing height, except for the 100-hPa level.
These increases reflect the increase in the wind speed
toward the upper troposphere. The increase in the rms
error is partly related to the increase in the standard
deviation of both the raob and satellite-derived winds.

It is important to note that, except at the 1000-hPa
and 100-hPa levels, the standard deviation of the sat-
ellite-derived winds is about 3 m s21, or 20%–35%,
depending on the level, smaller than the raob values.
This indicates that the satellite-derived eddy wind
speeds underestimate the true wind speeds. There are
two possible reasons for the underestimation of the eddy
wind field. One is that the raob winds are point data
while the satellite winds are spatially and temporally
averaged. Because TOVS Pathfinder A data have a res-
olution of 18 3 18 in both latitude and longitude direc-
tions, the spatial average is roughly taken over an area
of 64 km (latitude) 3 111 km (longitude) at 54.58S.
Moreover, the data are temporally averaged over a 24-h
period (Susskind et al. 1997). This averaging process
most likely reduces the variability of the actual wind
field. The second reason for the underestimation could
be the lack of certain types of ageostrophic wind com-
ponents in the derivation of the upper-level winds from
the TOVS data. As mentioned earlier, only the surface
wind contains an ageostrophic wind component in the
wind derivation. This surface ageostrophic wind emerg-
es in the upper atmosphere by linearly adding to the
thermal wind and readjustment through the conservation
of mass. However, this ageostrophic wind may not rep-
resent all ageostrophic processes in the atmosphere. For
instance, the upper-level ageostrophic winds induced by
geostrophic-momentum approximation (e.g., Bluestein
1993) or the ageostrophic acceleration itself could be
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FIG. 3. Scatterplots of the satellite-derived, mass-conserved meridional wind vs radiosonde observations for 1988 at Macquarie Island: (a)
1000, (b) 850, and (c) 700 hPa. Wind speed unit: m s21.

very important in certain situations. Shapiro and Ken-
nedy (1981) observed in aircraft measurements that the
ageostrophic wind could be extremely strong near fronts
and the jet stream because the parcel trajectories were
sharply curved, indicating significant geostrophic and
ageostrophic accelerations. In these situations, other ap-
proximations such as quasigeostrophic or semi-quasi-
geostrophic models might be more appropriate.

Compared with the study of SVW99, the most sig-
nificant improvement for the mass-conserved satellite
winds over the nonmass-conserved winds is in the an-

nual-mean wind field. The mass-conserved annual-mean
satellite winds agree with the raob winds to within 27%,
while the annual-mean winds of SVW99 are typically
100% stronger than the raob mean winds. As will be
shown later, this improvement will have a significant
influence on the mean moisture fluxes. It is also noted
that the mass-conserved, annually and zonally averaged
satellite winds disagree with the ECMWF and NCEP–
NCAR reanalyses at 100 hPa (Fig. 1). In particular, both
the ECMWF and NCEP–NCAR reanalyses show a weak
northward annually and zonally averaged wind at 100
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hPa between 508S and 638S, indicating that the upper
branch of the Ferrel cell extends to the tropopause. In
contrast, the satellite-derived wind is strongly southward
in this region, showing a second reversed cell above the
Ferrel cell. Some observations do indicate a reversed
cell appearing above the Ferrel cell (e.g., Oort and Peix-
óto 1983). However, because of the lack of radiosonde
observations in this region, the zonal mean results must
be viewed with caution. Although the satellite-derived
winds disagree with the reanalyses at 100 hPa, they do
agree fairly well with the raob data at 100 hPa as shown
in Table 1. As mentioned earlier, we have assumed a
constant Lagrange multiplier in the wind derivation.
This result indicates that the assumption of a uniform
Lagrange multiplier in the vertical and longitudinal di-
rections is appropriate compared to the raob observa-
tions at Macquarie Island. However, a constant l is in-
appropriate near the tropopause based on comparisons
with the reanalyses. To resolve this discrepancy, more
raob observations as well as diagnostic studies of the
reanalyses are required in this region. Regardless, this
discrepancy has little impact on the moisture flux be-
cause there is little moisture in the upper troposphere;
however, it may have important implications with re-
spect to the heat budget because a significant portion of
the sensible heat is transported near the tropopause (Oort
ahd Peixóto 1983).

2) MOISTURE

The moisture comparison is made for the specific hu-
midity at the surface, 850-, 700-, 500-, and 300-hPa
levels. The satellite-derived specific humidity is ob-
tained from the layer precipitable water based on the
integral relationship between the two quantities (e.g.,
Bromwich et al. 1995). The trapezoidal rule is used for
the integration. The integration requires that the specific
humidity at 100 hPa and the surface pressure be known.
At Macquarie Island, the radiosonde-measured annual-
mean surface pressure for 1988 is 997 hPa with a stan-
dard deviation of 5 hPa. We therefore assume that the
surface pressure, p0, is 1000 hPa and that the specific
humidity at 100 hPa is zero. Figures 4a–c show scat-
terplots of the specific humidity between the 1988 raob
data from Macquarie Island and the satellite retrievals
for the surface, 850-, and 700-hPa levels, respectively.
Table 2 lists the statistics of this comparison. This 12-h
data comparison indicates large discrepancies between
the satellite retrievals and radiosonde observations. The
following discusses some general characteristics of this
comparison.

The annual means of the satellite retrievals from
NOAA-10 are about 10% larger than the raob values
below 700 hPa, but about 30% smaller than the raob
above 500 hPa. Susskind et al. (1997) indicate that
NOAA-10 produces larger moisture values in the lower
troposphere compared to SSM/I and NOAA-11 retriev-
als, so the larger satellite-retrieved moisture values pre-

sented here are consistent with Susskind et al.’s results.
The larger differences observed in the upper troposphere
are to be expected because the moisture is typically
small and difficult to measure there.

In addition, with the exception of the surface layer,
the variability portrayed by the satellite data is generally
less than the raob data by 20%–30%. The reason could
be, as discussed earlier in the wind comparison, the raob
data are point data while the satellite data are spatially
and temporally averaged. At the surface, however, the
variability of the satellite data is larger than the raob
data. This may be related to the local structure of the
raob data. For example, at the surface, horizontal trans-
fer is constrained by surface friction so the raob data
represent the characteristics of the local land, which is
probably drier than the surrounding oceans that the sat-
ellite retrievals represent.

The correlation between the raob data and satellite
retrievals is above 0.5 for every level except at 850 hPa.
The rms error is largest (1.5 g kg21) at 850 hPa, which
is consistent with the findings of Wang et al. (1995).
They attribute this to the rapid day-to-day variations of
the boundary layer.

Above 850 hPa, there is an obvious asymmetry in the
satellite retrievals. The satellite retrievals tend to be larg-
er than the raob observations when the moisture is low
and smaller than the raob when the moisture is higher.
At present, it is difficult to discern the reasons for this
discrepancy; however, it has been shown that the hu-
midity retrievals depend strongly on the first-guess pro-
files, especially near the surface (Reuter et al. 1988). If
this is the case, then refinements to the TOVS products
such as the planned Pathfinder Path-B (Susskind et al.
1997) may correct this deficiency.

3) MOISTURE FLUX

The total moisture flux is divided into eddy and mean
moisture fluxes. The detailed statistical analyses of the
wind and moisture fields described in the previous sub-
sections provide a better understanding of the moisture
transport process. Figures 5a–c show the scatterplots
between the raob and satellite-derived moisture fluxes
at the surface, 850-hPa and 700-hPa levels, respectively.
Figure 5d is the vertically integrated total moisture flux.
Table 3 summarizes the statistical comparisons of the
raob data and satellite-derived moisture fluxes. This
comparison reveals some advantages as well as some
disadvantages of using satellite data for moisture flux
studies. The following discussion concentrates only on
the lower atmosphere because the upper troposphere
contributes little to the vertically integrated moisture
transport.

In comparing Table 3 with Tables 1 and 2, it is seen
that the correlation between the raob and satellite-de-
rived moisture fluxes is smaller than the wind correla-
tion, but much better than the moisture correlation. This
suggests that the wind correlation dominates the flux
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FIG. 4. Scatterplots of the satellite-retrieved specific humidity vs radiosonde observations for 1988 at Macquarie Island: (a) 1000, (b) 850,
and (c) 700 hPa. Unit: g kg21.

correlation. Therefore, although the moisture retrievals
have larger disagreement with the raob data as discussed
in the previous subsection, a reasonable moisture flux
can still be obtained provided accurate wind profiles are
available.

The agreement between the raob and satellite-derived
mean fluxes with a mass-conserved wind in the lower
atmosphere is typically within 10%–20%. The vertically

integrated mean flux for this study is 217.8 kg m21 s21,
which is in excellent agreement (within 6%) with the
raob value of 219.0 kg m21 s21. This is probably due
to the good agreement of both the annual-mean wind
and moisture fields in the lower atmosphere. The mean
fluxes of SVW99 are over 100% larger than the raob
values at 850, 700, and 500 hPa, which results in a large
vertically integrated mean moisture transport. Those
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TABLE 2. Specific humidity statistics between the raob data and
satellite retrievals at Macquarie Island for 1988.

Height

1000 mb 850 mb 700 mb 500 mb 300 mb

Points
Raob mean (g kg21)
Satellite mean (g kg21)
Raob std dev (g kg21)
Satellite std dev (g kg21)
Correlation
Rms (g kg21)
Bias (raob 2 sat) (g kg21)

540
4.77
5.17
1.15
1.21
0.55
1.20

20.41

548
3.16
3.56
1.39
1.12
0.36
1.49

20.41

544
1.52
1.75
1.11
0.74
0.54
0.98

20.22

536
0.48
0.32
0.38
0.22
0.59
0.35
0.16

518
0.04
0.03
0.04
0.02
0.52
0.03
0.01

FIG. 5. Scatterplots of the satellite-derived, mass-conserved meridional moisture flux vs radiosonde observations for 1988: (a) 1000, (b)
850, and (c) 700 hPa, and (d) vertically integrated. Units for (a), (b), and (c): m s21 g kg21 and for (d): m21 s21.

large mean fluxes in the lower atmosphere are caused
by the unrealistically strong annual-mean winds (see
Table 1).

Table 3 also shows that the eddy moisture fluxes from
the mass-conserved and nonmass-conserved satellite-
derived winds are similar. Both are about 50% smaller
than the raob values at 850 and 700 hPa. The vertically
integrated eddy flux from the satellite data is about 45%
smaller than the raob value. Note that the annually av-
eraged eddy flux, denoted by Me, can be expressed as

2 2Ï ÏM 5 y9q9 5 r(y , q) y9 q9 , (14)e

where q is the specific humidity, and are2 2y9 q9Ï Ï
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TABLE 3. Moisture flux statistics for the raob and satellite-derived data at Macquarie Island for 1988. The unit of the moisture flux at
each level is: m s21 g kg21; the vertically integrated moisture flux unit is kg m21 s21.

Height

1000 mb 850 mb 700 mb 500 mb 300 mb Vert. integrated

Mean flux, raob
Mean flux, this study
Mean flux, SVW99
Eddy flux, raob
Eddy flux, this study
Eddy flux, SVW99
Total flux, raob
Total flux, this study
Total flux, SVW99
Correlation (raob, this study)
Correlation (raob, SVW99)

210.77
211.71
211.71
23.37
22.73
22.73

214.14
214.44
214.44

0.84
0.84

24.04
23.35
28.59
24.47
22.43
22.57
28.51
25.79

211.16
0.77
0.77

21.88
21.62
24.61
24.06
21.92
21.99
25.98
23.55
26.61

0.67
0.67

20.52
20.33
20.97
21.73
20.56
20.62
22.25
20.90
21.59

0.61
0.61

20.10
20.05
20.11
20.21
20.04
20.04
20.31
20.09
20.15

0.64
0.64

219.03
217.78
232.52
221.34
211.73
212.14
240.37
229.51
244.65

0.85
0.84

TABLE 4. Correlation coefficient between y and q for the raob and
satellite data at Macquarie Island for 1988.

Height

1000 mb 850 mb 700 mb 500 mb 300 mb

Raob r(y , q)
Satellite r(y , q)

20.57
20.41

20.36
20.38

20.34
20.30

20.34
20.19

20.27
20.18

the standard deviations of the wind and specific hu-
midity, respectively, and r(y , q) is the correlation co-
efficient between the wind and moisture measurements.
Table 4 lists the values of r(y , q) for the raob measure-
ments and satellite observations at different levels. From
Tables 1, 2, and 4 it is seen that the satellite values of
all three quantities of , and r(y , q) are2 2y9 , q9Ï Ï
smaller than the raob counterparts, which results in
smaller eddy moisture fluxes from the satellite obser-
vations. As mentioned earlier, the smaller satellite

could be due either to temporal and spatial av-2y9Ï
eraging or the lack of certain types of ageostrophic wind
components. Temporal and spatial average may also re-
sult in a smaller . As a result, it is anticipated that2q9Ï
future satellite observations with higher spatial and tem-
poral resolution will improve the estimation of the eddy
moisture flux.

The satellite-derived, vertically integrated total mois-
ture flux with conservation of mass is 229.5 kg m21

s21, a 27% underestimation as compared with the raob
value of 240.4 kg m21 s21. The underestimation is pri-
marily caused by the underestimation of the eddy flux.
The satellite-derived nonmass-conserved wind gives a
vertically integrated total moisture flux that is closer to
the raob value because the underestimated eddy flux is
largely offset by the overestimated mean flux.

The above comparisons suggest that the satellite-de-
rived mean moisture flux with conservation of mass is
comparable to the raob values; however, the eddy flux
is underestimated by about 45%.

5. Annual-mean climatology of the moisture fluxes
for 1988

a. Zonally averaged moisture transport

Figures 6a–c show the vertical–latitudinal cross sec-
tion of the satellite-derived, 1988 yearly and zonally
averaged mean, eddy, and total moisture fluxes, re-
spectively. Figure 7 provides the vertical profile of the
annually and zonally averaged mean, eddy and total
moisture fluxes, respectively, at 508S. In the figures, the

moisture fluxes are represented by the specific humidity
fluxes, not the layer precipitable water fluxes, as used
in SVW99. We have chosen to display the specific hu-
midity flux field because it can be directly compared
with other historical studies such as Oort and Peixóto
(1983) and Bromwich et al. (1995). The specific hu-
midity used in this flux calculation is obtained from the
layer precipitable water based on the integral relation-
ship between the two quantities. As in the moisture
comparisons at Macquarie Island, the trapezoidal rule
is used for the integration with the assumptions that the
surface pressure is 1000 hPa and the specific humidity
at 100 hPa is zero. This transformation may cause ;10%
errors in the specific humidity flux field near the surface,
poleward of 608S, because the climatological surface
pressure is typically around 980 hPa in this region. How-
ever, this transformation does not influence the layer-
integrated moisture fluxes. For instance, by using the
layer precipitable water and the nonmass-conserved sat-
ellite wind, SVW99 obtained a value of 215.1 kg m21

s21 for the vertically integrated, zonally averaged mois-
ture flux across 608S, which is exactly the same as that
obtained in this study using the specific humidity profile
and the nonmass-conserved satellite wind. From the fig-
ures, it is seen that for the mean flux, most transports
occur in the planetary boundary layer due to the strong
annual-mean boundary flows as shown in Fig. 1b. It
reaches its maximum at the surface and decreases sharp-
ly with increasing height. Above the planetary boundary
layer the mean moisture flux is negligible compared to
the eddy moisture flux. As will be shown later, cancel-
lation between the equatorward flux and poleward flux



1008 VOLUME 14J O U R N A L O F C L I M A T E

FIG. 6. Latitude–altitude cross sections for the 1988 annually and zonally averaged (a) mean, (b) eddy, and (c) total moisture transport
(m s21 g kg21).

at different longitudes causes the small zonally averaged
mean moisture fluxes above the boundary layer.

Figures 8a–c show comparisons of the annually and
zonally averaged, vertically integrated meridional mois-
ture fluxes from this and other published studies. It
shows that the mean moisture flux derived in this study
is comparable to the ECMWF and NMC reanalyses
(Bromwich et al. 1995) and the Peixóto and Oort (1983)
results. In contrast, the mean flux of SVW99 is over-
estimated equatorward of 638S and the latitudinal gra-
dient is steeper than other reported values. For the lat-

itude band from 508S to 558S, the eddy fluxes from both
this study and the SVW99 study are underestimated by
about 62% as compared with the ECMWF and NMC
analyses and by 45% as compared with the Peixóto and
Oort (1983) analysis. This underestimation is similar to
the radiosonde comparison at Macquarie Island in sec-
tion 4. Because of this underestimation, the total trans-
port in this study is smaller than other reported values.
In contrast, the total flux in SVW99 is larger than the
other transport estimates because of compensation by
the overestimated mean flux. In SVW99, the total flux
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FIG. 7. Vertical profiles of the 1988 annually and zonally averaged
moisture transport at 508S. The solid line is the total transport, the
dotted line is the mean transport, and the dashed line is the eddy
transport.

FIG. 8. Comparisons of the yearly and zonally averaged meridional moisture transport for different studies. ECMWF, NMC, and ABM
analyses data are for the period of 1985–92 (Bromwich et al. 1995), Peixóto and Oort (1983) data are for the period of 1963–73, and SVW99
and this study are for 1988: (a) mean flux, (b) eddy flux, (c) total flux.

across 508S is 231.8 kg m21 s21; the value from this
study is 214.1 kg m21 s21, a 56% reduction.

b. Latitudinal–longitudinal distribution

SVW99 described in detail the longitudinal depen-
dence of the satellite-derived meridional moisture trans-
port based on a nonmass-conserved wind field. In order
to see the impact of the conservation of mass on the
longitudinal variations of the moisture fluxes, Figs. 9a,b
show the vertically integrated mean moisture transport
of this study and the SVW99 counterpart, respectively.
Figures 10 and 11 are similar to Fig. 9 but for eddy
transport and total transport, respectively. It is seen that
the longitudinal structure of the total flux in this study
is similar to SVW99 except the transport is much weaker
than SVW99. The structure and amplitude of the eddy
transport are almost the same between the two studies.
For the mean moisture transport, this study exhibits a
maximum equatorward transport of about 30 kg m21 s21

over the Drake Passage and Scotia Sea. This is much
stronger than the SVW99 value of 20 kg m21 s21. In
addition, the equatorward transport of the mean mois-
ture flux in this study extends into the Southern Indian
Ocean with values around 5–10 kg m21 s21. In contrast,
the mean equatorward moisture transports in SVW99
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FIG. 9. Distribution of the annually averaged, vertically integrated
mean meridional moisture fluxes (kg m21 s21) for 1988 from the
satellite data derived by (a) the mass-conserved approach and (b) the
SVW99 approach. The figures are smoothed using a 5-point running-
mean in the zonal direction.

FIG. 10. Same as Fig. 9, but for the eddy moisture fluxes.

cover a much smaller area. The poleward transport by the
mean wind in this study is much weaker than SVW99
over most ocean areas. For instance, over the Indian
Ocean south of Australia, the poleward transport by the
mean wind in SVW99 reaches 60 kg m21 s21, while the
value of this study is only around 30 kg m21 s21.

As discussed before, the mean moisture transport is
dominated by the planetary boundary layer flows. Fig-
ures 12a,b show the satellite-derived, annually averaged
meridional winds at the surface and 850 hPa, respec-
tively. The vertically integrated mean transport portrays
many of the same characteristics as the 850-hPa wind.
For instance, from the Drake Passage to the Southern

Indian Ocean, the 850-hPa winds are equatorward, caus-
ing equatorward mean moisture transport. Near the con-
tinental coasts there are strong katabatic winds blowing
off of the continent. Parish and Bromwich (1991) sim-
ulated the continental-scale katabatic winds over Ant-
arctica and found strong katabatic winds along most of
the coasts. Bromwich (1989) and Bromwich et al. (1992)
studied the strong katabatic winds along the continental
coast using satellite images. Both Figs. 12a,b show
strong continental drainage flows. Off the northern edge
of the Ross Ice Shelf, Filchner-Ronne Ice Shelf, and
Amery Ice Shelf, the 850-hPa velocity field shows
strong poleward flows while the 1000-hPa velocity field
shows equatorward flows. The southerly surface winds
over the Ross Ice Shelf and Ross Sea are described by
many authors as the mountain-parallel flows that parallel
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FIG. 11. Same as Fig. 9, but for the total moisture fluxes. FIG. 12. 1988 annually average meridional winds based on the
mass-conserved approach at (a) 1000 and (b) 850 hPa (m s21). The
figures are smoothed using a 5-point running-mean in the zonal di-
rection.

the Transantarctic Mountains (e.g., O’Connor and
Bromwich 1988; Bromwich et al. 1993). The sharp re-
versal in the wind direction as height increases may be
related to the cold air advection and temperature in-
version near the surface (Parish and Bromwich 1991).
These strong poleward winds at 850 hPa cause strong
poleward moisture transport near the ice shelves.

Another interesting phenomenon is that the eddy
transport is not totally in phase with the mean transport.
The eddy transport is poleward almost everywhere over
the Southern Ocean except near the ice shelves (e.g.,
over the Ross Sea near the Ross Ice Shelf ). In particular,
over the Drake Passage and Scotia Sea, the mean mois-
ture flux is equatorward while the eddy moisture flux
is poleward. This probably occurs because the mean flux
and the eddy flux are controlled by different mecha-

nisms. As discussed earlier, the mean flux is controlled
by the flows in the planetary boundary layer, while the
eddy flux is related to the vertically integrated meridi-
onal temperature gradient (Stone and Yao 1990).

Because of the complicated phase relationship be-
tween the eddy and mean fluxes, the total moisture trans-
port exhibits features different from either the eddy or
the mean fluxes. Over the Scotia Sea, the total equa-
torward moisture transport is weakened because of the
cancellation between the eddy and mean fluxes, while
over the Southern Indian Ocean, the total poleward
transport is strengthened due to the poleward transport
by both mean and eddy winds. Over most of the South-
ern Ocean, the poleward total moisture transport is
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FIG. 13. 1988 longitude–altitude cross sections of the satellite-derived, annually averaged meridional moisture fluxes using the mass-
conserved wind: (a) mean flux at 508S; (b) mean flux at 588S; (c) mean flux at 668S; (d) eddy flux at 508S; (e) eddy flux at 588S; (f ) eddy
flux at 668S. The figures are smoothed using a 5-point running-mean in the zonal direction. Units: m s21 g kg21.

strengthened when the eddy flux and mean flux are in
phase. However, because the eddy flux is underestimated
in this study, it is possible that an increase in the am-
plitude of the eddy fluxes could lead to a weakening of
the total equatorward transport or even a shift to pole-
ward flow. Better estimates of the eddy moisture flux
are required to resolve this uncertainty.

c. Vertical and longitudinal distribution

Vertical–longitudinal cross sections of the moisture
transport reveal additional three-dimensional features of

the moisture transport across the Southern Ocean. Fig-
ures 13a–f show the vertical–longitudinal cross section
of the moisture transports by the mean and eddy winds
at 508S, 588S, and 668S, respectively. At 508S (Fig. 13a),
the mean equatorward transport occurs over the Scotia
Sea and Drake Passage (308–708W) with a maximum
near the top of the boundary layer. As latitude increases
to 588S (Fig. 13b), the mean transport over the South
Atlantic Ocean and part of the Indian Ocean (308W to
758E) also becomes equatorward. At 668S (Fig. 13c) the
mean transport becomes equatorward over the whole
latitudinal belt except for the South Pacific sector; both
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FIG. 13. (Continued )

eddy and mean moisture transports are poleward over
the South Pacific sector. However, at higher latitudes
(e.g., 768S, not shown here), both eddy and mean mois-
ture transports over the South Pacific sector also be-
comes equatorward. In Fig. 7, a rather small zonally
averaged mean moisture flux is observed above 850 hPa.
From Fig. 13a it is seen that the small zonally averaged
mean flux above 850 hPa is due to the cancellation of
the equatorward transport over the Scotia Sea, South
Atlantic Ocean, and southwest Pacific Ocean and the
poleward transport over the rest of the latitude belt. This
feature also occurs at other latitudes and is consistent
with the work of Bromwich (1988) and Peixóto and
Oort (1983) who found that averaging in longitude re-
sults in a smaller mean flux because of cancellation.

Though the satellite-derived eddy moisture fluxes
tend to underestimate the true values, some general fea-
tures can still be learned from the figures. As noted
before, the eddy transport is not totally in phase with
the mean transport. Poleward moisture transport is ob-
served at all longitudes below 600 hPa from 508S to
588S (Figs. 13d,e). This gives a dominant zonally av-
eraged eddy flux above the boundary layer as shown in
Fig. 7. The longitudinal distribution of the eddy flux is
quite uniform. Stone and Yao (1990) indicate that the
zonally averaged eddy moisture flux is related to the
vertically averaged meridional temperature gradient
with a synoptic wave-scale exponential decay as the
weighting function. The longitudinal uniformity of the
eddy moisture flux suggests that the zonally averaged
dynamics might be a good approximation for describing
the three-dimensional structure of the eddy moisture
fluxes.

6. Net precipitation

Seasonal to interannual timescale net precipitation
can be estimated using the water vapor budget equation.
This method has been used by many authors (e.g.,
Bromwich et al. 1995; Cullather et al. 1998; SVW99).
The budget equation for the temporally and spatially
averaged atmospheric moisture is

^P 2 E& 5 2^= ·M& 2 ^dW /dt&, (15)

where the angle brackets represent spatial average, the
bar a time average, P precipitation/snow, E evaporation/
sublimation, W the precipitable water, and M the ver-
tically integrated total moisture flux. For long-term av-
erages, the moisture storage term can be neglected so
the net precipitation ^P 2 E& is solely determined by
the convergence of the moisture fluxes. Because only
the meridional wind is derived from the satellite ob-
servations in this study, only zonally averaged net pre-
cipitation can be estimated. The zonally averaged net
precipitation equation is

p0 1 ] dp
^P 2 E & 5 2 [cosw(^y &^q & 1 ^y9q9&)] ,E a cosw ]w g0

(16)

where the brackets represent the zonal average, the
primes represent departures from the zonal average, and
g is the gravity constant.

Table 5 provides a comparison of the net precipitation
in the latitude belt from 508 to 608S based on the work
of various authors. Note that the cited authors did not
provide the separation between the eddy and mean flux
convergence. The separation is calculated in this study



1014 VOLUME 14J O U R N A L O F C L I M A T E

TABLE 5. Zonally averaged net precipitation estimates (mm yr21)
by different authors.

Study

508–608S

Mean Eddy Total

This study
SVW99
NMC (Bromwich et al. 1995)
ECMWF (Bromwich et al. 1995)
ABM (Bromwich et al. 1995)
Peixóto and Oort (1983)
Howarth (1983)
Starr et al. (1969)

154
547
156
123

11
104

78
87

258
279
181
190

232
634
414
402
192
294
160
528

based on the retrieved flux data from the original au-
thors, so 5%–10% errors may exist between the pro-
vided values and the original values. However, the errors
do not affect the discussion below.

Comparing the net precipitation value of 634 mm yr21

by SVW99 with the value of 232 mm yr21 in this study,
it is seen that conservation of mass yields a 63% re-
duction in the estimation of the net precipitation. This
difference is mainly caused by the difference in the
mean flux. As seen in Fig. 8a, the larger meridional
gradient and larger values of the mean moisture flux
around 508S and 608S by SVW99 causes larger con-
vergence of the mean moisture flux.

Table 5 shows that there is a favorable agreement in
the convergence of the mean moisture fluxes among
NMC, ECMWF, and the current study, with a difference
less than 20%. Other studies show larger discrepancies
in the convergence of the mean moisture fluxes. This
is probably because of difficulties in obtaining mean
meridional winds at high latitudes, which involves can-
cellation of large amplitude instantaneous southerly and
northerly winds. As a result, large errors can occur in
the resultant small-amplitude annual-mean meridional
wind. This is especially true of observations with limited
spatial and temporal coverage. For instance, Oort and
Peixóto (1983) did not use the observed estimates of
zonal and annual-mean meridional wind for their flux
calculations because of large errors in the zonally av-
eraged meridional wind. Instead, they used a mean me-
ridional wind obtained by solving the momentum bal-
ance equation. In this aspect, the analyses and the sat-
ellite data are more reliable because of higher spatial
and temporal resolutions.

The contribution to the net precipitation from eddy
moisture fluxes in both SVW99 and this study is lower
than all other reported values. This is a result of the
underestimated eddy fluxes discussed in previous sec-
tions.

7. Discussion and conclusions

A Lagrange multiplier is introduced to constrain the
total mass in the satellite-derived meridional wind field
obtained by using the thermal wind equation in con-

junction with the satellite observed temperature profiles
and VAM surface winds. The conservation of mass has
made substantial improvements to the wind field, the
mean moisture transport, and its convergence compared
to the nonmass-conserved study of SVW99. The derived
wind field reproduces the basic features of the annual-
mean circulation of the atmosphere over the southern
high latitudes. The satellite-derived mean moisture flux
agrees with the radiosonde observations at Macquarie
Island to within 6%. However, the eddy fluxes from both
the mass-conserved and nonmass-conserved methods
are 45% smaller than the radiosonde observations. The
smaller eddy moisture flux is a result of the smaller
temporal variability (standard deviations) of the mois-
ture and meridional wind field, as well as a smaller
correlation between the moisture and wind fields derived
from the satellite data. The smaller variability of the
satellite moisture and wind fields is most likely due to
averaging of the satellite data in both space and time.
The lack of certain ageostrophic components in the wind
derivation may also cause lower instantaneous wind
speeds. Therefore, improvements in the moisture and
wind observations as well as the incorporation of higher
order dynamics are necessary for future studies.

In the variational formalism, the zonally averaged
mass conservation equation is used as a strong con-
straint. This choice of constraint results in a constant
Lagrange multiplier on a latitude wall (the Lagrange
multiplier is a function of latitude and time only). Other
forms of mass conservation constraint may also be ap-
plied in the variational formalism. For instance, the ver-
tically integrated mass conservation equation, which is
often used in the data initialization for removing exter-
nal gravity waves (e.g., Haltiner and Williams 1980),
can also be used as a constraint. In this situation, how-
ever, the zonal wind and meridional wind components
need to be solved simultaneously. The Lagrange mul-
tiplier will be a function of both latitude and longitude
and controlled by Poisson’s equation. Boundary con-
ditions must be imposed to solve Poisson’s equation.
Typically, the natural boundary condition in which the
Lagrange multiplier is set to zero at the boundaries is
used (e.g., Shapiro and Mewes 1999). Because the La-
grange multiplier is a function of both latitude and lon-
gitude, more refinements on the latitude circle can prob-
ably be achieved compared to the constraint of the zon-
ally averaged mass conservation. However, the wind
correction using this constraint requires the calculation
of the wind divergence, which will most likely amplify
errors in the dataset. In contrast, the zonally averaged
mass conservation constraint developed here does not
amplify the noise nor are boundary conditions for the
Lagrange multiplier required. In addition, the zonally
averaged mass conservation yields fairly reasonable an-
nual-mean wind profiles at Macquarie Island, even
though the Lagrange multiplier is longitudinally inde-
pendent. We have chosen this constraint because it is
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the simplest constraint that yields results consistent with
raob data at Macquarie Island and reanalysis products.

The results of this study are subject to many of the
same limitations as the TOVS data (Susskind 1993). In
particular, temperature and moisture soundings are ob-
tained only under clear or partially cloudy (up to 80%)
conditions (Susskind 1993); no retrievals were made for
totally overcast conditions. In SWV99 and this study,
missing data in the subsequent thermal wind are re-
placed by interpolated values based on nearby good
data. In many situations, the good data can be far away
from the locations of the missing data. It is unclear how
these interpolated data affect the results presented in
this study; therefore, further sensitivity studies are re-
quired to fully resolve such questions.
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